e structures and spectral properties of three ruthenium complexes with 8-hydroxyquinoline (Hhqn) and their derivatives 2-methyl-8-quinolinoline (H2mqn) and 2-chloro-8-quiolinoline (H2cqn) as ligands (QN � hqn, 2mqn, or 2cqn) were calculated with density functional theory (DFT) at the B3LYP level. e UV-Vis and IR spectra of the three [RuCl(QN)NO] − complexes were theoretically assigned via DFT calculations. e calculated spectra reasonably correspond to the experimentally measured spectra. Photoinduced NO release was confirmed through spin trapping of the electron paramagnetic resonance spectroscopy (EPR), and the dynamic process of the NO dissociation upon photoirradiation was monitored using time-resolved infrared (IR) spectroscopy. Moreover, the energy levels and related components of frontier orbitals were further analyzed to understand the electronic effects of the substituent groups at the 2nd position of the ligands on their photochemical reactivity. is study provides the basis for the design of NO donors with potential applications in photodynamic therapy.
Introduction
e structure and reactivity of transition-metal-NO complexes have gained significant interest in recent years because of the important role of nitric oxide (NO) as a signaling molecule in biological systems [1] [2] [3] [4] [5] . NO plays important functions in various physiological processes [6] [7] [8] [9] . Moreover, the active centers of several important biological enzymes contain metal ions bound with the NO ligand; therefore, studies of the structures and spectra of metal-NO complexes are important to understand the dynamic reactivity and their functions.
e utility of ruthenium (Ru) complexes to design potential anticancer drugs and cellular imaging agents has been extensively investigated [10] [11] [12] [13] [14] [15] . Compared to iron-based nitrosyl complexes, Ru nitrosyls are promising candidates as potential NO-donating agents for targeted delivery of NO to physiological targets due to their inherent stability and modest photosensitivity [16] [17] [18] [19] [20] [21] . Detailed structural and spectroscopic analyses of Ru complexes with different ligands are essential to investigate the kinetic process of the photoreaction. ese studies provide a foundation to control NO release at the physiological target.
A series of nitrosylruthenium (Ru-NO) complexes with polypyridyl complexes have been reported. ey are coordinated with (N,N) bidentate ligands forming cationing complexes.
e cytotoxicity against tumor cell and their vasodilation effects have been studied [20] [21] [22] [23] [24] [25] . Here, three [RuCl 3 
(QN)(NO)]
− anionic complexes were synthesized using 8-hydroxyquinoline and its derivatives (HQN) as ligands. ese ligands are bidentate chelators that bind metal ions via O-N atoms. Figure 1 shows the structures of the [RuCl 3 
− complexes and HQN ligands (HQN � 8-hydroxyquinoline (Hhqn), 2-methyl-8-quinolinol (H2mqn), and 2-chloro-8-quinolinol (H2cqn)). DFT calculations allowed the assignment of bands observed in the electronic and IR spectra of the complexes. Furthermore, the behavior of the three complexes upon photoirradiation was investigated using time-resolved spectroscopy technology. e electronic structures and molecular orbitals of these complexes were calculated to better understand the electronic effect of the substituted group at the 2nd position of the ligands. is study provides insight into the photodynamic properties and potential applications of the nitrosylruthenium (II) complexes.
Experimental
2.1. Synthesis. Chemical reagents and solvents were purchased from Sigma (St. Louis, MO, USA) and local vendors.
e complexes were synthesized according to a previously described method with modifications [26, 27] and characterized by 1 H NMR spectroscopy using a Bruker 600 MHz spectrometer.
Spectra Measurements.
After the complexes were dissolved in DMSO, the UV-visible spectra were recorded on a ermo 220 spectrophotometer. e IR spectra were measured on an IS50R FT-IR spectrometer ( ermo Fisher) from 2000 to 1400 cm −1 at 1 cm −1 resolution. e sample solutions were added to an IR cell composed of two CaF 2 windows (25 mm in diameter and 2 mm thick), which were separated by an O-shaped 50 μm thick Teflon spacer. e photoreaction kinetics was monitored via the IR spectra as a function of irradiation time. e IR spectra were recorded simultaneously for 30 min in the CaF 2 windows while being irradiated with a fiber connected to an Xe lamp with 420 nm band-pass filter (0.2 W/cm 2 ). e electron paramagnetic resonance (EPR) spectra were obtained using a Bruker ESP-500E spectrometer at 9.8 GHz, X band, with 100 Hz field modulation. e three complexes (5 mM) mixed with 5 mM Fe(MGD) 2 were quantitatively injected into quartz capillaries, respectively. e sample was then illuminated in the cavity of the EPR spectrometer with an Hg lamp (LOT-QuantumDesign GmbH) at 365 nm. All experiments were performed at room temperature (20°C).
Quantum Chemical
Calculations. Gaussian 09 and Gaussview 5 program packages were used for calculations and structure visualization, respectively [28, 29] . e original models for the three complexes were built based on the crystal structure of [(CH 3 ) 4 N][RuCl(2cqn)NO] complex [27] . All structures were fully optimized with Becke's threeparameter hybrid functional and the Lee-Yang-Parr correlation functional (B3LYP) [30] [31] [32] in the DMSO solvent.
e basis sets aug-cc-pVDZ-PP and 6-311++G(d,p) were used to describe the Ru atom and the ligand atoms, respectively [33, 34] . e charge was set to −1, and both S � 0 and S � 1 states for the complexes were optimized. e UV-visible spectra for the three complexes in DMSO solution were simulated with a time-dependent (TD-DFT) method, respectively, and the solvent effect was considered via the polarization continuum model [35, 36] . e natural atomic charges and Wiberg bond index of the complexes were obtained by natural population analysis (NPA) and natural bond orbital (NBO) analysis [37, 38] .
Results and Discussion

Molecular Geometry.
e selected and calculated bond lengths and the angles for three complexes are listed in Table 1 . Most of the calculated bond lengths and angles of the optimized geometries (Table 1) deviate from crystal structural data by 0.03Å and 2°, respectively. e theoretical bond lengths of Ru-N2, Ru-O1, and N2-O2 in [RuCl 3 (2cqn) NO]
− complex deviate the experimental data less than 0.01Å, which is near to the uncertainty caused by the experiment measurements [39, 40] .
e structures for both S � 0 and S � 1 as potential ground states were optimized, respectively. As shown in Table 2 
Molecular Orbital Analyses.
e HOMO-LUMO interactions were calculated to probe the reactivity of the various molecular systems [41] [42] [43] [44] [45] . e contour plots of the frontier orbitals for three complexes are shown in Figure 2 , and the calculated HOMO and LUMO energy levels are shown in Table 2 . e calculations were performed with the DMSO solvent. In the three complexes, the HOMO is described as a QN ligand-based orbital that contains some Ru (d) and NO (p) Figure 4 shows the infrared spectra of the three complexes recorded in DMSO. For comparison, the experimentally observed and calculated vibrational frequencies ranging from 2000 to 1400 cm −1 are presented in Table 3 .
Infrared Spectra.
e B3LYP functional tends to overestimate the fundamental normal modes of vibration, and thus the calculated frequencies were scaled with appropriate values to harmonize the theoretical and experimental wavenumbers [46] . In this study, the scale factor is about 0.97. e DFT calculation helps assigning vibrational modes to the observed frequencies. e three important vibrations correspond to the two ligands coordinated to the central Ru.
ere is a clear and strong vibration peak at ∼1840 cm −1 that is a stretching vibration for NO in the {Ru(II)-NO + } group. e vibration peaks at ∼1560 and ∼1500 cm −1 correspond to the vibration of coordinated QN ligands. Monitoring the intensity variation of these peaks offers an important information to investigate the mechanism of the photoinduced reaction of ligand dissociation. 
Real-Time Measurement of NO Release.
e photoinduced NO release from the three complexes was confirmed with spin-trapping EPR spectroscopy via Fe(MGD) 2 for detecting NO· in real-time [47, 48] . Figure 5 shows the characteristic triplet signal with a hyperfine splitting constant (hfsc) value of 12.78 G and a g-factor of 2.039. ese are consistent with published values for NO-Fe 2+ -MGD adducts [49, 50] . It is obvious that free radicals were generated from the complexes with 365 nm photoirradiation, while almost no signal was observed in the dark. e intensity of resulting free radicals increased quickly upon photoirradiation, reaching a maximum at 30 seconds ( Figure 5 ). It then decreased slowly over 5 minutes.
erefore, the NO release could be controlled with photoirradiation, providing the basis for further applications in photobiology and medicine.
NBO Analysis.
e natural atomic charges of the three complexes were obtained via natural population analysis (NPA) using the B3LYP method (Table 4 ). In the {Ru-NO} groups, all N atoms have a net positive charge from 0.451 to 0.467. e electronegative oxygen atoms have negative charges from −0.189 to −0.210, respectively. e calculated Wiberg bond index of NO increases from 1.8449 to 1.8501 and 1.8757 in the order of hqn, 2mqn, and 2cqn complexes. e NO stretching frequency (] NO ) shifts from 1839.4 to 1844.01 and 1856.5 cm −1 , which is in agreement with the bond order analyses. e Wiberg bond index of Ru-N decreases from 1.6503 to 1.6408 and 1.6251 for the hqn, 2mqn, and 2cqn complexes, respectively, suggesting that NO is relatively easily released from the 2cqn complex. e results agree with the IR spectral measurements below.
Photoinduced NO Release. Next, photoinduced NO release from the three [RuCl 3 (QN)(NO)]
− complexes was investigated using time-resolved IR spectra. A series of FT-IR spectra of the NO stretching mode were recorded as a function of photoirradiation. Figure 6 shows the change in the spectra over time. ere is a significant decrease in the intensity of the NO vibrational peak around 1850 cm −1 , which dominated the photoinduced NO dissociation. e electronic transition from the metal and QN/Cl ligands to the antibonding orbitals of the {Ru(II)-NO + } group upon photoirradiation weakens the bonding of Ru-NO and leads to dissociation of NO [51] [52] [53] . In addition, the decrease in the NO vibrational intensity for [RuCl(2cqn)NO] − complex is fast relative to the other two complexes, and its half-life of NO dissociation is shorter. erefore, NO release could be adjusted by complexes using different ligands upon photoirradiation.
is strategy can be applied for NO-donor design with potential applications in photobiology and clinical therapy.
Recently, we studied the cytotoxicity and photoenhanced cytotoxicity of the three [Ru(II)Cl 3 complexes against HepG-2 cells [27] . e NO free radicals and [Ru(III)Cl 3 (QN)] − complexes resulting from photoirradiation of these complexes are bioactive and cytotoxic and can serve as the potential drugs with dual functions.
Conclusions
We have shown good agreement between the optimized structural parameters and their crystal structures via DFT calculation at the B3LYP level. e results provide valuable geometrical information and help to assign UV-visible spectra and FT-IR spectra. Meanwhile, DFT calculations for electronic structures and spectral characteristics of [RuCl 3 (QN)(NO)]
− complexes provide a better understanding of the photophysical and photochemical properties of these complexes. Real-time NO release was studied via spin trapping of the EPR spectroscopy, and the time-resolved IR spectra showed that three complexes have slightly different half-lives of NO dissociation upon photoirradiation. Moreover, an energy level and component analysis of frontier orbitals shows that the different substituent groups at the 2nd position of the ligands affect their reactivities. is study provides the basis for the design of NO donors for their potential applications in photodynamic therapy.
Conflicts of Interest
e authors declare that there are no conflicts of interest. 
